In the present work, the presence of gastric inhibitory polypeptide (GIP) receptors and their functional role in the adrenal cells of three patients with food-dependent Cushing's syndrome were studied. RT-PCR and in situ hybridization studies demonstrated the presence of GIP receptor in the adrenals of the three patients. The presence of this receptor was also demonstrated in two human fetal adrenals, but not in two normal adult human adrenals or in the adrenals of one patient with nonfood-dependent Cushing's syndrome. Freshly isolated cells from patient adrenals responded in a dose-dependent manner to the steroidogenic action of both ACTH and GIP, whereas cells from normal adrenals responded only to ACTH. Treatment of cultured normal adrenal cells with ACTH, but not with GIP, increased the messenger ribonucleic acid (mRNA) levels of cholesterol side-chain cleavage cytochrome P-450, P450 c17 , and 3␤-hydroxysteroid dehydrogenase, whereas both hormones enhanced these mRNAs in patients' adrenal cells, although the effects of ACTH were greater than those of GIP. Moreover, pretreatment with ACTH enhanced the steroidogenic responsiveness of both normal and patient adrenal cells, whereas GIP caused homologous desensitization, and this was associated with a marked reduction of GIP receptor mRNA levels, as demonstrated by RT-PCR and in situ hybridization. Finally, both ACTH and GIP in-
tochrome P-450, P450 c17 , and 3␤-hydroxysteroid dehydrogenase, whereas both hormones enhanced these mRNAs in patients' adrenal cells, although the effects of ACTH were greater than those of GIP. Moreover, pretreatment with ACTH enhanced the steroidogenic responsiveness of both normal and patient adrenal cells, whereas GIP caused homologous desensitization, and this was associated with a marked reduction of GIP receptor mRNA levels, as demonstrated by RT-PCR and in situ hybridization. Finally, both ACTH and GIP inhibited DNA synthesis in one patient's adrenal cells, whereas in normal adrenal cells only ACTH had this effect. In conclusion, the present data demonstrate that ectopic expression of functional GIP receptors is the main cause of food-dependent Cushing's syndrome. (J Clin Endocrinol Metab 83: 4514 -4519, 1998) T HE CAUSES of endogenous Cushing's syndrome are divided into two main groups, ACTH dependent and ACTH independent. In the former, ACTH causes hyperplasia and hyperfunction of both adrenal glands, whereas in most of the ACTH-independent cases, adrenal adenoma and carcinoma are unilateral (1) . Among the less common pathological processes that can also produce Cushing's syndrome are disorders in which nodular adrenal hyperfunction of both adrenals occur independently of ACTH stimulation. However, both in vivo and in vitro studies have demonstrated that most cases retain a sensitivity to the stimulatory effects of ACTH (2) . In addition, in vitro studies have demonstrated the presence of ectopic receptors in some adrenal tumors, suggesting that they may not be functionally autonomous (3) (4) (5) . One particular form of truly ACTH-independent Cushing's syndrome has been described recently by several groups (6 -10) . All the patients had food-dependent Cushing's syndrome resulting from an inappropriate sensitivity of their adrenocortical gland to a normal postprandial increase in the secretion of gastric inhibitory polypeptide (GIP).
In the present work we have investigated the acute effects of both ACTH and GIP on freshly isolated cells from adrenals of three patients with food-dependent Cushing's syndrome, as well as the long term effects of both peptides on the expression of three key steroidogenic enzymes. In addition, RT-PCR and in situ hybridization demonstrated the presence of GIP receptor messenger ribonucleic acid (mRNA) in the three cases, but not in normal human adrenals.
Subjects and Methods Patients
The three women patients (43-49 yr old) were referred for evaluation of Cushing's syndrome with subnormal morning plasma concentrations of cortisol and suppressed ACTH levels; in these subjects food intake stimulated cortisol secretion. A full clinical description of patient 1 has been published (8) . She was successfully treated with 0.1 mg octreotide, three times daily, and after 5 months of treatment, the clinical and biological signs of Cushing's syndrome recurred. Therefore, bilateral adrenalectomy was performed. Microscopic and histological examination was typical of bilateral macronodular adrenal hyperplasia. A partial clinical description of patient 2 has been published (10) . She had fooddependent Cushing's syndrome associated with the Carney complex. Abdominal computed tomography revealed macronodular bilateral hyperplasia. Both adrenal glands contained multiple nodules with dark areas of lipofuscin. Patient 3 was a 43-yr-old woman with typical food-dependent Cushing's syndrome (a full clinical description will be published elsewhere). Abdominal computed tomography showed a leftsided adrenal mass of about 3.5 cm. The patient was treated with 0.1 mg octreotide, three times daily, without any result. Therefore, a left adrenalectomy was performed. Microscopic and histological examination confirmed the presence of an adenoma.
Materials
Synthetic ACTH [ACTH-(1-24)] was purchased from Ciba (RueilMalmaison, France). All other reagents were obtained from Sigma Chemical Co. (St. Louis, MO). Human placental 3␤-hydroxysteroid dehydrogenase (3␤HSD) complementary DNA (cDNA) was provided by Dr. F. Labrie (Centre Hospitalier Universitaire Laval, Quebec, Canada) (11), bovine P-450 17␣ and bovine cholesterol side-chain cleavage cytochrome P-450 (P-450 scc ) cDNAs were donated by Dr. M. R. Waterman (Vanderbilt University School of Medicine, Nashville, TN) (12, 13) .
Preparation and culture of human adult and tumoral adrenocortical cells
Portions of the three patients' adrenal gland adenomas were dispersed by two collagenase-deoxyribonuclease digestions (1 and 0.1 mg/ mL) in DMEM-Ham's nutrition mixture F-12 (DMEM/F12; 1:1) medium, supplemented with NaHCO 3 (14 mmol) and HEPES (10 mmol), containing gentamicin (20 g/mL), penicillin (100 U/mL), streptomycin (0.1 mg/mL), and nystatin (100 U/mL) as described previously (14) . Some of the dispersed cells were incubated in the same medium with various concentrations of ACTH and GIP for 2 h. The remaining cells were seeded in monolayer cultures in the same medium containing 1% FCS and cultured at 37 C under a humidified atmosphere of 5% carbon dioxide-95% air. After 24 h, the medium was changed to DMEM-F12 medium containing insulin (10 g/mL) and vitamin C (10 Ϫ4 mol/liter), without FCS. Treatments were conducted in this defined medium starting on day 2 of culture for 48 or 96 h.
Human adult adrenals were obtained after organ removal for transplantation from brain-dead patients, with the approval of the ethics committee of the Hospices Civils de Lyon. Informed consent to perform the studies described in the present work was obtained from the three patients.
Steroid measurements
At the end of each experimental protocol, one aliquot of medium was saved. The cells were then washed and incubated in fresh medium in the presence of 10 Ϫ8 mol/L ACTH or 10 Ϫ7 mol/L GIP. Samples were frozen until the specific RIAs were performed for cortisol and cAMP, as previously described (15) .
Cell multiplication
The potential mitogenic effect of several factors was evaluated by [ 3 H]thymidine incorporation into DNA. For this experiment cells were plated at 2 ϫ 10 4 cells on 48-well plates. After 24 h, the medium was replaced by DMEM-F12 medium containing 0.1% BSA and was cultured for an additional day. Cells were then cultured in the same medium in the absence or presence of basic fibroblast growth factor (bFGF), without or with ACTH, GIP, or 10% FCS for 1 day, followed by a 4-h pulse with [ 3 H]thymidine (1 Ci/mL). The cells were fixed with 0.5 mL methanolacetic acid (3:1) and washed three times with 80% methanol.
3 H-Labeled DNA was extracted by 0.5 mL 0.4% deoxycholate 0.5 n NaOH. Radioactivity was measured by a liquid scintillation counter.
RNA preparation and Northern blot analysis
Total RNA was isolated from cells by the method of Chomczynski and Sacchi (16) . After electrophoresis through 1.0% agarose gels and transfer to nylon membranes, hybridization was performed as previously described (17) , using human placental 3␤HSD cDNA (11), bovine P450 17␣ cDNA (12) , or bovine P450 scc cDNA (13) as probes (10 6 dpm/mL).
RT-PCR
Total RNAs were reverse transcribed with Moloney murine leukemia virus reverse transcriptase (Life Technologies, Eragny, France) using oligo(deoxythymidine) [12] [13] [14] [15] [16] [17] [18] (Pharmacia-France, Saint-Quentin-en-Yvelines, France). The cDNAs obtained were then amplified by PCR (35 cycles at 94 C for 30 s, 58 C for 30 s, 72 C for 1 min) using 5Ј-oligonucleotide ATCCGCATTCTTGGCATTCTCCTG (944 -968) and the 3Ј-oligonucleotide ATGCTAACTGAACAGACACGGGGA (1435-1411) from human GIP receptor cDNA (GenBank U39231). PCR fragments obtained were sequenced by dideoxy chain termination using [␣-
35 S]deoxy-ATP and Sequenase (U.S. Biochemical Corp., Cleveland, OH) according to the instructions provided.
In situ hybridization
The GIR receptor template was amplified from the human GIP receptor cDNA in a PCR reaction consisting of a 5-min denaturation step at 94 C followed by 35 amplification cycles (94 C for 1 min, 65 C for 1 min, and 72 C for 1 min) and a 10-min elongation step at 72 C in the presence of the following primers: sense primer, 5Ј-CAGAGATGC-ATTAACCCTCACTAAAGGGAGA/ATCCGCATTCTTGGCATTCTC-CTG-3Ј [the consensus T3 sequence is underlined preceded by a 9-bp leader sequence in italics and followed after the slash (/) by the genespecific sequence (944 -968)]; and antisense primer, 5Ј-CCAAGCTTCTA-ATACGACTCA CTATAGGGAGA/ATGCTAACTGAACAGACAC-GGGGA-3Ј [the consensus T7 sequence is underlined preceded by a 9-bp leader sequence in italics and followed after the slash (/) by the genespecific sequence (1435-1411)]. The resulting PCR product was purified using the QIA quick-spin columns from Qiagen (Courtaboeuf, France).
Preparation of sense and antisense complementary RNA probes was performed essentially as described by Logel et al. (18) , and in situ hybridization using these probes followed essentially the protocol described by Simmons et al. (19) .
Results

Effects of GIP and ACTH on cortisol production by fresh and cultured tumor adrenal cells
First, we investigated the effects of 2-h treatment with increasing concentrations of ACTH or GIP on cortisol production by freshly isolated cells from normal adrenals and those from the three patients (Fig. 1) . Normal adrenal cells respond to ACTH but not to GIP. In contrast, adrenal cells from the three patients responded in a dose-dependent manner to both hormones, although the maximal steroidogenic response varied from one patient to another. In the three patients the maximal steroidogenic response to GIP was greater than that to ACTH. Moreover, the effects of GIP and ACTH were not additive in the two patients studied ( Table 1) .
Next we investigated the long term effects of both hormones on cultured adrenal cells. As described in Materials and Methods, the hormonal treatment was started on day 2 of culture and continued for 2 (patients 2 and 3) or 4 (patient 1) days. During the first 2 days of treatment, both hormones enhanced cortisol secretion by the adrenal cells of the three patients (Table 1) . However, whereas the steroidogenic effects of GIP were more marked during the first day than during the second day, those of ACTH were similar (patient 1) or greater (patients 2 and 3) on the second day. Moreover, on day 4 the productions of cortisol by control and GIPtreated adrenal cells from patient 1 were similar (1174 Ϯ 37 and 1255 Ϯ 170 pmol/10 6 cells) and significantly lower than the production of cortisol by ACTH-treated cells (7285 Ϯ 250 pmol/10 6 cells). Further evidence of the desensitizing action of GIP was obtained by studying the acute effects (2 h) of GIP and ACTH on cells cultured under several conditions (Table 2 ). Pretreatment of adrenal cells from patients 2 and 3 for 48 h with GIP reduced cAMP and cortisol production in response to GIP, but not in response to ACTH. On the other hand, pretreatment with ACTH enhanced the response to ACTH and maintained that to GIP. Similarly, pretreatment of adrenal cells from patient 1 for 96 h with GIP completely abolished the cortisol response to GIP, but not that to ACTH, whereas the steroidogenic responses of ACTH-pretreated cells to ACTH and GIP were 4-and 3-fold greater than that of cells cultured without hormone (data not shown).
Effects of ACTH and GIP on DNA synthesis
To investigate the potential mitogenic action of ACTH and GIP in cells from normal adrenals and patient 3, adenoma cells were incubated without or with bFGF in the absence or presence of ACTH, GIP, or 10% FCS (Table 3) . bFGF as well as 10% FCS had a significant mitogenic effect. In the absence of bFGF, ACTH slightly reduced DNA synthesis in both cell types, whereas GIP only had an effect on adenoma cells. These small inhibitory effects of both hormones became significant when the cells were cultured in the presence of bFGF. Under these conditions, ACTH blocked the mitogenic action on both cell types, whereas GIP only had an inhibitory action on adenoma cells.
Effects of ACTH and GIP on steroidogenic enzyme mRNAs
To investigate the trophic effects of both hormones, cells from normal adrenals and patients' adrenals were cultured without or with ACTH, GIP, or both for 2 (normal adrenals and patients 2 and 3) or 4 (patient 1) days. As previously reported (17) , ACTH in normal human adrenal cells en- Adrenal cells from patients 2 and 3 were cultured for 2 days without or with ACTH or GIP-1. The medium was removed, and the cells were washed and incubated for 2 h without or with ACTH or GIP at the concentrations indicated. The medium was saved for cortisol and cAMP measurements. The results (picomoles per 10 6 cells/2 h) are the mean Ϯ SD of triplicate incubations.
hanced the mRNA levels of P450 scc , P450 c17 , and 3␤HSD, but GIP had no effect (Fig. 2) . In contrast, both hormones increased the mRNA levels of the three enzymes in adrenal cells from the three patients. Again, at maximal concentrations the effects of both hormones were not additive. The stimulatory effect of ACTH was higher in normal adrenal cells than in patients' adrenal cells. The effects of GIP in patients' adrenal cells were lower than those of ACTH. Moreover, the stimulatory effects of GIP, but not those of ACTH, varied markedly between patient 1 (lower) and patients 2 and 3. These differences may be related to the fact that patient 1's adrenal cells were treated for 4 days, whereas those from the two other subjects were treated for 2 days, and as indicated above, GIP induced homologous desensitization by down-regulating its own receptors (see below).
Characterization of GIP receptor
GIP receptors were characterized by RT-PCR and in situ hybridization. Using specific primers, a single band of the expected size (Ϫ500 bp) was observed after RT-PCR in the three patient adrenals and the fetal adrenal, but not in normal human adrenals or an adenoma from a patient with nonfood, non-ACTH-dependent Cushing's syndrome (Fig. 3) . Similarly, a positive signal was observed by in situ hybridization in the three patient adrenal cells (Fig. 4) , but not in normal human adrenals (data not shown). Moreover, as shown in Figs. 3c and 4 , treatment of adenoma cells from patient 3 with GIP markedly reduced GIP receptor mRNA, whereas the effects of ACTH at the maximal concentration used were far less marked.
Discussion
The ages of the six patients with food-dependent Cushing's syndrome who have been reported (no. 6 -10 and patient 3 of the present study) were between 41-49 yr; five of them were female and three had a left adenoma (no. 6 and 9 and patient 3), whereas the other three had bilateral macromodular hyperplasia. In three patients [no. 7 and 9 and patient 1 (8)], infusion of GIP resulted in a rapid increase in plasma cortisol levels, indicating that an abnormal responsiveness to GIP was the main cause of the food-dependent hypercortisolism.
GIP receptors have been detected by radioligand binding in rat, hamster, and human pancreatic tissue (20, 21) . More recently, the rat (22) and human (GenBank U39231) receptor cDNAs have been cloned. By using both approaches, RT-PCR and in situ hybridization, we demonstrated the presence of GIP receptor mRNAs in the adrenals of the three patients with food-dependent Cushing's syndrome, in human fetal adrenals, but not in normal adult human adrenals or in one patient with nonfood-dependent Cushings' syndrome. These results confirm and extend previous studies showing by in situ hybridization the presence of GIP receptor mRNA in the adenoma of one patient with food-dependent Cushing's syndrome (9) and those reported in one abstract (23) indicating the presence of GIP receptor mRNA in the latter patient and in the patient described by Lacroix et al. (7) by RT-PCR. Using this method, a low level of expression was also reported in fetal and normal adult adrenals (23) . However, although we found a low expression in fetal adrenals, we were unable to find it in two normal adult adrenals. Even if there is some expression in normal human adrenal cells, the receptors are nonfunctional, because no effect of GIP was observed in any of the parameters measured.
The importance of GIP as a direct regulator of cortisol secretion was demonstrated by in vitro studies showing that isolated cells from patient adrenals, but not those from normal adrenals, respond in a dose-dependent manner to GIP. Indeed, at the maximal effective concentrations, the steroidogenic effects of GIP were greater than those of ACTH, but no additive effect was found when both peptides were added together.
Previous studies have shown that long term treatment with ACTH of normal human adrenals enhanced the mRNA levels of specific adrenal genes, including ACTH receptors and several steroidogenic enzymes (14, 17) , and this resulted in an enhanced steroidogenic responsiveness to further ACTH stimulation. The present findings demonstrated that in adenoma cells, ACTH pretreatment also enhanced the mRNA levels of the three steroidogenic enzymes (P450 scc , P450 c17 , and 3␤HSD) and the steroidogenic responsiveness to both ACTH and GIP. Our results demonstrated that GIP pretreatment increases the mRNA levels of the three steroidogenic enzymes, although to a lesser extent than ACTH, and this was associated with an enhanced steroidogenic responsiveness to ACTH, but with a decreased responsiveness (cAMP and cortisol) to its own stimulation. This indicated that in contrast to ACTH, GIP induced a homologous desensitization by inducing down-regulation of its own receptors, as demonstrated by RT-PCR and in situ hybridization. The desensitizing action of GIP in vitro probably did not exist in vivo, as in the three patients each meal caused an increase in plasma cortisol levels. This discrepancy between in vivo and in vitro situations has been reported for other hormones, i.e. LH/hCG and GnRH (reviewed in Refs. 24 and 25) , and might be related to differences between in vivo and in vitro situations, in particular to the fact that in vivo the levels of polypeptide hormones are pulsatory, whereas in vitro they remain relatively constant.
Although in vivo studies have shown that an excess of endogenous or exogenous ACTH caused adrenal hyperplasia, in vitro studies using adrenal cells from several species have shown that ACTH, through the cAMP pathway, is antimitogenic, rather that mitogenic (reviewed in Ref. 26 ). To investigate the potential effects of both hormones on adenoma cell multiplication, their effect on DNA synthesis, in the absence or presence of bFGF, a potent mitogen for adrenal cells (27) , was studied. In the absence of bFGF, both ACTH and GIP slightly decreased DNA synthesis, but both hormones blocked the stimulatory action of bFGF in adenoma cells, whereas in adrenal cells only ACTH had this inhibitory action.
In conclusion, the present findings confirm that food-dependent Cushing's syndrome resulted from the ectopic expression of functional GIP receptors in adrenal glands. These receptors were responsible not only for the acute food-induced cortisol secretion, but also for the increased expression of genes encoding steroidogenic enzymes and therefore for the high responsiveness to the elevated plasma GIP levels that physiologically occur after each meal. However, the potential roles of these ectopic receptors in adrenal cell multiplication were not explained by the present in vitro studies. 
